Abstract. We present the development of an innovative device (Stem Cell Harvesting Manipulator) to get a donor's hematopoietic stem cells for bone marrow transplantation with minimal puncture. In this paper, we report the development of a prototype of the manipulator with Flexible Drilling Unit. The manipulator is inserted into the medullary space from the iliac crest and aspirates the cells while an end-mill on the tip of the Flexible Drilling Unit drills through cancellous bone to create a curved path. We found that the manipulator could be inserted into the pig iliac bone 131 mm by 32.1 mm/min. Moreover, the number of harvested nucleated cells per puncture is 6.04 times more than the Aspiration Method. The Aspiration Method, however, could harvest much (3.73 times) denser graft than our method. Further consideration regarding whether or not this device can harvest viable hematopoietic stem cells should be considered through experiments using laboratory animals.
Introduction
Over the past three decades, Bone Marrow Transplantation (BMT) has been established as a curative form of therapy for various acquired hematological malignancies and congenital immune deficiencies such as leukemia or lymphoma [1, 2] . On the other hand, the number of cases of BMT has been increasing so rapidly that it has become a problem to harvest hematopoietic stem cells from donors' bone marrow in the iliac bone invasively by means of the conventional "Aspiration Method" using bone marrow needles [3] . Though animal studies have been made on harvesting methods from the long bone [4, 5] , alternatives to the Aspiration Method, how to collect stem cells from a donor's iliac bone, have not been examined to this time.
Briefly stated, there are problems with the"Aspiration Method": the invasiveness of punctures by bone marrow needles and the low density of harvested graft [6] . Doctors generally aspirate about 10cc of bone marrow to be used as graft with each punc-K. Ohashi ture and totally 500-1200cc from donors' iliac bone. That is to say, donors have to be punctured about 50-120 times by a series of harvest. Moreover, the density of harvested graft is so low that doctors aspirate much more graft than required. In other words, the harvested graft includes much contamination from peripheral blood, which contains greater than 20% of T cells that can cause acute graft-versus-host disease (GVHD, a sort of acute rejection) [3] .
To tackle the issues, we propose a device (Stem Cell Harvesting Manipulator) to approach medullary space with flexible drill to create a curved path (Flexible Drilling Unit) and harvest graft using negative pressure generated by an actuator. Flexible Drilling Unit like catheter is inserted into medullary space of the iliac bone through a bone marrow needle as a trochanter while an end-mill on the tip of the unit drilled cancellous bone to create a curved path. Then Stem Cell Harvesting Manipulator generates negative pressure to harvest viscous bone marrow efficiently that contains stem cells (Fig.1) . By using this method, dense hematopoietic stem cells are harvested within minimal puncture. Fig. 1 . Concept of the "Stem Cell Harvesting Manipulator" vs. the conventional "Aspiration method" (a) Aspiration Method [7] : To aspirate viscous bone marrow, doctors pull the syringe connected to the bone marrow needle as fast as possible to generate negative pressure. Stem cells only around the tip of the needle, however, can be harvested by a puncture. So, doctors have to puncture for many (50-120) points. (b) A new method for stem cell harvesting using "Stem Cell Harvesting Manipulator": First, the end-mill on the tip of the Flexible Drilling Unit is inserted into medullary space and drills cancellous bone to create curved path. Then, the unit is inserted through the path and harvests graft.
The clinical contribution of this study is to minimize invasiveness of donors by means of harvesting denser graft from wider area of the iliac bone with minimal punctures. Additionally, patients and doctors take benefits because risks of the GVHD and time needed for harvesting can be minimized.
The engineering contribution of this study is to develop a small device to drill into cancellous bone while creating a curved path with the Flexible Drilling Unit, and to generate negative pressure enough to harvest viscous bone marrow efficiently.
First of all, we have produced a prototype of Stem Cell Harvesting Manipulator with Flexible Drilling Unit and carried out in vitro experiments for evaluation using the iliac bone of the pig. 
system requirements
To design the prototype of the Stem Cell Harvesting Manipulator, we referred to a model of adult female human iliac bone. It is 5 to 24 mm in thickness and 153 mm in width. In order to insert the Flexible Drilling Unit, the unit is limited to less than 5 mm in diameter and more than 100-150 mm in length. The radius of curvature of the iliac bone is more than 60 mm.
The iliac bone is so curved that the Flexible Drilling Unit has to create a curved path; therefore the unit has to be flexible. Though a variety of new surgical tools with active bending mechanism are currently under development as part of computer assisted surgery (CAS) and stand-alone devices [8] [9] [10] [11] [12] [13] , it is not necessary for this unit to bend actively controlled by doctors because of the structure of the iliac bone. Once the unit reaches through the bone marrow needle to medullary space where stem cells are stored, the unit can move within only medullary space enclosed by cortical bone that is hard to drill through. In other words, cortical bone works as a guide.
system overview
The prototype of Stem Cell Harvesting Manipulator consists of three units, the Stem Cell Harvesting Manipulator itself, the Flexible Drilling Unit and the power unit (Fig.2) . The power unit generates negative pressure to harvest stem cells and rotation to drill cancellous bone. The Stem Cell Harvesting Manipulator is attached to an retainer that is generally used for clinical application. Harvested graft from the tip of the Flexible Drilling Unit is collected into a bag with an anticoagulant. Actuators on the power unit and an optical fiber photoelectric switch on the manipulator are controlled by a stored programmable motion controller (EMP2002-V1, Oriental Motor, Japan). 
Flexible Drilling Unit
A flexible rod made of high carbon steel 0.8 mm in diameter transmits rotation to the end-mill on the tip of the Flexible Drilling Unit (Fig.3a) . A liner tube made of helical stainless sheet and coated with PVC operates as a path of harvested graft. To drill through fragile cancellous bone, we selected a tip of the self-drilling screw as the end-mill 3.5 mm in diameter (Fig.3b) . In order to generate strong flow on the tip of it, inner diameter of the tube is 2.2 mm, much larger than normal bone marrow needles, 1.6 mm. The length is 250 mm, total length of a bone marrow needle and insertion. 
Stem Cell Harvesting Manipulator
There are mainly two functions in the Stem Cell Harvesting Manipulator (Fig.4a) . One is transmission of rotation and negative pressure from the power unit to the Flexible Drilling Unit. The other is user-interface to control linear movement of the manipulator and collection of graft manually by doctors. The rotation from the power unit transmits to the end-mill through the intermediary of the vibration mechanism (Fig.4b) . By means of collisions between hammering parts of the mechanism, the end-mill vibrates axially 16.7 Hz by 250 rpm to crush and drill cancellous bone. Additionally, not to drill through cortical bone accidentally and injure internal organs, the mechanism doesn't transmit power until the end-mill receive valid axial counter force from cancellous bone detected by an optical fiber photoelectric sensor. 
the Power Unit for negative pressure and drilling
To generate negative pressure, the power unit contains an electric linear slider. The slider is equipped with a 60cc syringe normally used in clinical field and pulls it like a syringe pump. The stroke of the slider is 100 mm. A tube to transmit negative pressure is connected from the syringe to the Stem Cell Harvesting Manipulator through check valves not to generate backward flow accidentally.
The power unit also generates rotation for end-mill by an AC servo-motor. The shaft of the motor is connected with the vibration mechanism of the Manipulator through the intermediary of a flexible shaft that is 800 mm in length and 8.0 mm in diameter.
Results

in vitro experiment of drilling
We had experiments for evaluation about mechanical performance of drilling using iliac bone of the pig, which is similar to that of human in respect of cutting [14] . The prototype was inserted into medullary space from a spot in the iliac crest.
Firstly, we measured the relation between the velocity of insertion and rotation speed both with and without the vibration mechanism (Fig.5a) . The velocity rose continuously and slightly till 200 rpm and rose rapidly between 200-250 rpm. Additionally, it is found that drilling with vibration mechanism had an advantage of that without the mechanism in velocity of insertion especially over 200 rpm. Secondly, we tried inserting the unit into medullary space as deep as possible and measure the depth to estimate whether the unit can drill cancellous bone and approach wide area of iliac bone (Fig.5b) . It was found that the unit could create a path over (a) (b) [rpm] [mm/min] with vibration mechanism without vibration mechanism 75.0 mm to 131 mm in length while cortical bone worked as a guide and changed the direction of the end-mill. The path connected from the point of the iliac crest to the acetabulum.
in vivo experiment
The Stem Cell Harvesting Manipulator was applied to in vivo experiments (pig, 43Kg, Female) to evaluate the availability of the harvested graft.
This experiment aimed to harvest bone marrow cells by the manipulator and to count the number of nucleated cells, which include hematopoietic stem cells. As a control experiment, bone marrow (2.0cc) was harvested by using the conventional Aspiration Method, too. Then, we compared two methods: using the Stem Cell Harvesting Manipulator vs. using the conventional aspiration method (Table. I ). By using the manipulator, the number of harvested nucleated cells per minute is 2.05 times more than the Aspiration Method. Moreover, the number of nucleated cells per puncture is 6.04 times more than the Aspiration Method. From the viewpoint of density, however, the Aspiration Method could harvest much (3.73 times) denser graft than our method using the manipulator. These results mean that the manipulator harvested hematopoietic stem cells efficiently with minimal punctures.
Discussion
Mechanical Performance
On the basis of the results of the experiments, it is found that the prototype has possibility to drill into iliac bone. As I mentioned before, the width of human iliac bone is less than about 150 mm, enough for the prototype to create curved path. Additionally, the vibration mechanism on the Flexible Drilling Unit showed adequate performance as a drilling mechanism for iliac cancellous bone though there was much dispersion. To optimize the mechanism for drilling, further study about modeling of interaction between end-mill and bone [15] .
According to the experiment of harvesting, it can be said that the new method has capacity to harvest graft effectively with minimal puncture. In these points, the manipulator took advantage of the Aspiration Method. Actually, the results obtained about the density of graft were not necessarily same to our intention. The Aspiration Method could harvest much denser graft than our method using the manipulator. We will reconsider this problem and optimize the mechanism through animal experiments.
Perspective
Further consideration should be given whether our new method using the Stem Cell Harvesting Manipulator can collect viable hematopoietic stem cells enough to be used as graft for bone marrow transplantation. To confirm it, we should test the harvested graft for some biological tests by means of colony assay and flow cytometry.
It is true that peripheral blood stem cell transplantation (PBSCT, harvesting stem cells from peripheral blood) has been increasing, but some troubles about donors have been reported recently [3] . On the other hand, methods for stem cell ex vivo expansion are developing [16, 17] , but they were still used for few cases so far. Indeed, the Stem Cell Harvesting Manipulator would work in cooperation with these methods.
Today, the significance of bone marrow cells has been increasing rapidly from the viewpoint of not only cure for immune deficiencies and hematological malignancies [18] but also tissue engineering [19, 20] . It can be said that the method for stem cell harvesting will play a more important part in the near future.
Conclusion
First, we have developed a new method for stem cell harvesting for bone marrow transplantation using an innovative device, Stem Cell Harvesting Manipulator with Flexible Drilling Unit. By using this manipulator, dense stem cells are harvested from iliac bone of the donor within minimal puncture.
Then, we produced a prototype of the manipulator and did experiments for estimation whether it can create curved path and harvest bone marrow. Through the experiments using pig iliac bone, the manipulator is inserted into the medullary space 75.0-131 mm by 32.1 mm/min, enough to sweep the iliac bone. On in vivo experiments, the number of harvested nucleated cells per minute is 2.05 times more than the Aspiration Method. Moreover, the number of nucleated cells per puncture is 6.04 times more than the Aspiration Method. The Aspiration Method, however, could harvest much (3.73 times) denser graft than our method using the manipulator.
It has been clear that the Stem Cell Harvesting Manipulator, inserted into medullary space curvedly using the Flexible Drilling Unit and harvesting stem cells mechanically, have possibility to become an alternative of the Aspiration Method and minimize the invasiveness to donors and patients.
